ABSTRACT This paper investigates a tracking control problem of a flexible air-breathing hypersonic vehicle (FAHV), where prescribed performance, actuator fault, and aerodynamic uncertainty are considered. Based on the backgrounds of FAHV and for designing controller simply, an uncertain control-oriented model is reasonably decomposed into velocity subsystem and altitude subsystem. Then, the dynamic inversion controller and robust adaptive back-stepping controller are, respectively, designed for each subsystem. At the level of control design, the upper bound of the lumped uncertainty is not to be known in advance, and the uncertainty is handled by the adaptive technique that is also utilized to deal with actuator fault. A novel first-order filter is designed to solve the ''explosion of terms'' problem inherent in back-stepping control. Third, the prescribed performance on tracking error that features the transient performance constraint on the tracking error is resolved by transforming the constrained problem into an unconstrained problem. Furthermore, the detailed stability analysis of the closed-loop system is carried out within the framework of Lyapunov theory, in which the tracking error converges to an arbitrarily small neighborhood around zero with the prescribed performance. Finally, compared simulation result illustrates the property of the designed control strategy in tackling prescribed performance, actuator fault, and aerodynamic uncertainty.
I. INTRODUCTION
In recent years, air-breathing hypersonic vehicle (AHV) has received more and more attention, since it behaves scramjet propulsion that offers significant superiorities such as high speed, cost-efficient travel and large payload over the conventional expendable aircraft, which make it becomes most suitable for prompt global response and offer distinctive air superiority [1] , [2] . Technology developing brings challenge for performance requirements on AHV, and the control system design for it has attracted increasing attention for the existence of complex and highly coupled dynamics [3] - [8] .
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Even though there is much progress on controller design of it, there still remain certain open problems that are of great theoretic and practical interests.
The slender geometry and relative light weight of AHV induce that it needs to be viewed as a flexible structure. Besides, flexible modes may have adverse aeroservoelastic affect which causes potential structural damage and instabilities. If the FAHV body elastic deformation happens and the flexible modes are unstable, the body flutter occurs and deeply flutter has bad influence on the life span of aircraft panel structure which may induce the aircraft disintegrate in short time. Moreover, for the closed-loop control system of FAHV, the flexible modes are easily excited during the transient phase, and the coupling between the flexible body and the rigid body causes that the transient performance of rigid system affects the settling time and the overshoot of flexible modes. Thus, when the control system is designed, it is necessary to consider the stable tracking of the output, short tuning time and small overshoot of the flexible modes during the transient phase, i.e., it is important and necessary to consider transient performance constraint. Much research has focused on the controller design of FAHV, but the requirement on transient performance is often carried out by manually tuning the controller parameters, which can't be achieved in engineering for the super-high speed of FAHV. The prescribed performance controller which can solve both transient and steady-state performance was developed for the nonlinear system [9] , [10] . And the prescribed performance control problem of nonlinear system with uncertainty and actuator fault was presented in [11] and applied to the pitch angle control of AHV, but aerodynamic uncertainty was not considered. Guaranteed cost controller was addressed for FAHV with multi-performance constraint in [12] . Then adaptive backstepping controller was proposed for a near space vehicle with input saturation and prescribed performance in [13] . Besides, the tracking control problem for AHV with the predesigned transient and steady-state performance on the tracking errors was given in [14] - [17] . In detail, in [14] , by combining neural back-stepping and minimal learning parameter technology, a prescribed performance control (PPC) strategy was proposed for AHV, where by exploiting a new performance function, the accurate initial errors haven not to be known in [14] , and the parametric uncertainties were considered. And in [15] , a robust adaptive neural control scheme was addressed for AHV to ensure velocity and altitude tracking errors with desired transient performance, where a neural approximation controller was designed for the altitude subsystem without the complex recursive design procedure of virtual control laws. Then in [16] , when handing the nonlinearity in the longitudinal model of AHV, the radial basis neural networks were employed to facilitate the PPC design of altitude controller and velocity controller. A funnel nonaffine controller applying neural approximation was designed for the prescribed performance tracking control problem of FAHV in [17] , where velocity and altitude tracking errors were forced to fall within bounded funnels and the desired transient performance and steady-state performance were ensured. Moreover, a back-stepping control scheme without virtual control laws was proposed for the altitude subsystem. Although aforementioned research obtained good performance, but the actuator fault was out of the consideration. In [18] , a high-performance adaptive controller was designed for the uncertain model of AHV proceed by faulty and hysteretic actuators, in which the limited angle of attack and the desired performance can be guaranteed despite partial loss of effectiveness of actuators. However, it should point out that the controller was designed based on the parameterized model. An adaptive controller was proposed for AHV with time-varying uncertain parameters, actuator faults, and inlet un-start condition in [19] , where with the utilization of barrier functions presented in [20] , velocity and altitude tracking errors were bounded by specific performance functions. But in [18] and [19] , the flexible effect was not taken into account.
FAHV is more susceptible to the impact of actuator fault than other aircrafts due to strongly variable flight conditions and complex environment [21] . More specially, since the velocity of FAHV is very fast, and the high temperature will lead to loss of control effectiveness fault which is the common structure actuator fault for aircraft. Besides, based on the analysis of influence between the elastic body and rigid body, elastic states induce body deformation, which causes precursor deflection angle and after-body deflection angle. And two deflection angles affect angle of attack (AOA) and actuator-elevator deflection. Then they produce an effect on aerodynamic force, aerodynamic moment and propulsion system. That is to say, the elastic deformation influences the control inputs of FAHV, and the flexible modes may cause adverse aeroservoelastic impacts such as degrading performance, potential structural damage and instabilities, which increases the probability of actuator faults. And actuator faults deteriorate the control performance, reduce stability and security of FAHV, and sometimes even lead to catastrophic accidents. Therefore, it is great of importance and necessity to take actuator fault into account at the level of control design.
Fault tolerant control (FTC) scheme design for AHV has obtained fruitful results [22] - [26] . The reentry attitude control system design of AHV was addressed in [22] , meanwhile, the FTC strategy for the longitudinal model of AHV was studied. An observer-based FTC scheme combining robust control and LMI techniques was designed for a linearized AHV model with parameter uncertainties and actuator faults in [23] , but this method was effective only in the neighborhood of the operating point. Then in [24] , the longitudinal AHV model with unknown parameters and uncertain actuator faults was formatted into a parametric strict feedback form, an adaptive FTC scheme was designed to achieve the stable tracking of velocity and altitude based on a combination of back-stepping control and dynamic surface control techniques. Controller was developed for a AHV subjects to actuator faults and limited measurements of the states [25] . The nonlinear FTC strategy for AHV was studied in [26] , where an MPC-based online optimal method was discussed. FTC scheme was investigated for feedback linearization systems in [27] and applied to AHV, where the flexible effects were not considered. An adaptive output feedback FTC scheme was designed for AHV under parameter uncertainties, actuator faults and external disturbances [28] , in which feedback linearization (FBL) was applied to design the nominal controller. And in [29] , a nonlinear FTC scheme and sensor fault diagnosis were proposed for AHV, and the controller was designed on the basis of FBL model. If the controller is designed for the model obtained by linearization in given flight conditions, then the control scheme may not behave good control performance as flight dynamics undergo great parameter perturbations. VOLUME 7, 2019 A robust FTC scheme of AHV was presented to counteract external disturbance and sensor fault in [30] . And an improved adaptive fault estimation and accommodation algorithm were proposed for a rigid body of AHV with aerodynamic uncertainty [31] . Then a FTC scheme which combining fixed-time observer and finite time control was proposed for a hypersonic gliding vehicle subjects to actuator faults and model uncertainties [32] . An adaptive back-stepping control scheme was designed for rigid body of AHV in the presence of backlash hysteresis, actuator fault (partial/total loss of effectiveness), and prescribed performance [33] . Aforementioned methods only consider the rigid body of AHV without flexible effects. To proceed, in [34] , the neural control for AHV with unknown dynamics for actuator fault was analyzed, and the unknown dynamics caused by fault were approximated by neural network (NN). In [35] and [36] , an adaptive FTC strategy was addressed to deal with actuator stuck failures, and an adaptation mechanism was developed to prevent abrupt transients and actuator saturation by mitigating the deviation between the aircraft and the target model. However, in [34] - [36] , they assumed that sin γ ≈ γ was in the flight envelope with no consideration of the effects of uncertain parameters. Since there are uncertain aerodynamic characteristics, the varied flight conditions and the lack of a broad flight dynamics database, it is significant to address aerodynamic uncertainties, and the designed control system for FAHV is required to behave robustness to handle uncertainty.
To the best of our knowledge, although considerable effort has been made on the control design for FAHV, the important issue of control for FAHV subjects to prescribed performance, actuator fault and aerodynamic uncertainty has not been fully investigated yet, which remains challenging and motivates us to do this study. In this paper, an adaptive backstepping controller is proposed for FAHV in the presence of prescribed performance, actuator fault and aerodynamic uncertainty. The novelty of this paper is concluded as follows. At first, a nonlinear uncertain control-oriented model (UCOM) is obtained and it does not need to obtain a linearized or a parameterization formulation and the higherorder derivatives of outputs is not to be computed. Not only the uncertainty of aerodynamic parameter but also the uncertainty of the interconnect gain between elevator deflection and canard deflection is considered from the engineering background of AHV. To sequel, respective controller is designed for altitude subsystem and velocity subsystem in the framework of back-stepping control, and the stable tracking of velocity and altitude is achieved with that the convergence rate of tracking error is no less than a certain prescribed function. The prescribed tracking performance is ensured and the tracking error is proven to converge to an arbitrarily small neighborhood around zero (ASNZ). And the lumped uncertainties in subsystems are dealt with via adaptive technique without the prior upper bounds information of uncertainties. Also the adaptive technique solves the actuator fault problem. Since the altitude subsystem is four-order which causes the 'explosion of terms' problem, a novel first-order filter is developed to overcome it, where the filter error is proven to converge to an ASNZ.
The rest part of this paper is arranged as follows. The uncertain COM of FAHV is demonstrated in Section II. Respective controllers for velocity and altitude subsystems, and stability analysis are provided in Section III. Simulation and analysis are presented in Section IV, and the paper is concluded in Section V.
II. HYPERSONIC VEHICLE MODEL
In this section, a curve-fitted model (CFM) of FAHV is firstly described, and a COM that includes uncertainties and actuator fault is developed.
A. CURVE-FITTED MODEL
In this paper, only the cruise phase is considered, and the corresponding longitudinal model of FAHV called as CFM, is described aṡ
where 
with
The flexible states are related to the deflections of forebody turn angle τ 1 and aft-body vertex angle τ 2 , denoted by τ 1 and τ 2 , respectively. η = [η 1 , η 2 , η 3 ] T and E j ∈ R 1×3 depend on the fuel level, and they describe the relationship τ j = E j η, (j = 1, 2). M ∞ is the free stream Mach number, and q is the dynamic pressure.
The CFM shown as (1)- (6) is only used for simulation. And a COM is derived to design controller, which is obtained from the CFM by neglecting the flexible dynamics for the measurements of the flexible states are not assumed to be available for feedback [38] . So the COM is constituted of five rigid body dynamic equations (1)- (5), and it remains all the dominant features of the CFM, including flexible effects and coupled propulsive and aerodynamic forces.
As we known that in the COM a canard is used to cancel lift-elevator coupling by defining that the canard deflection δ c is a function of the elevator deflection δ e , i.e., δ c = k ec δ e , where
L is an interconnect gain. It is obvious from the lift coefficient in (7) that the canard would exactly cancel the lift due to the elevator deflection if k ec is precisely specified. However, it is difficult to achieve an ideal interconnect gain in practice, and it is impossible to obtain the exact cancellation of the lift-elevator coupling. Consequently, it is reasonable to assume that k ec = k ec0 + k ec is uncertain. And k ec δ e is an uncertain term with a bound on its magnitude and satisfies an integral quadratic constraint condition [39] .
Based on aforementioned, considering interconnect gain uncertainty, the expression for C L is written as
Similarly, the drag coefficient C D is also affected by this coupling owing to the presence of elevator, canard and AOA cross coupling terms in the corresponding expression. And these coupling terms are modeled as an uncertainty C d with a bound on its magnitude and it satisfies an integral quadratic constraint condition [39] . The expression C D is given as
By the same token, the expressions of C M and C N i are
In this study, the mass of aircraft m, which varies due to fuel consumption on a slower time scale with respect to the references to be tracked, will be considered constant during each tracking maneuver as all the other model parameters [40] . But the uncertainty of the following aerodynamic parameters is considered,
Based on it, we can obtain the expressions about the uncertainty of aerodynamic parameters as
where
The detail expressions
B. CONTROL-ORIENTED MODEL WITH UNCERTAINTY AND ACTUATOR FAULT
It is worthy to point out that in (1)- (5) and aerodynamic formulation (7), thrust T affects velocity V and fuel equivalence ratio φ, so the velocity is mainly affected by φ. Moreover, elevator deflection δ e has a dominant contribution to the altitudehchange. Thus, it is reasonable to implement a separate control design. So the equations of the COM are reasonably decomposed into velocity subsystem and altitude subsystem. Considering uncertainty and actuator fault, the dynamic of velocity (1) can be expressed as the following forṁ
Similarly, the dynamics of FPA, AOA and pitch rate are rewritten aṡ
where the functions are given in Appendix, and the terms f V , f γ , f α , f q are unknown. The respective control inputs for velocity and altitude subsystems are designed in Section III. µ On the basis of the backgrounds of FAHV, the following assumption holds.
Assumption 1: For the uncertain terms
Remark 1: The model adopted here is referred to [37] . Compared with the model utilized in [41] , thrust, lift, drag and moment coefficients depend explicitly on the flexible states. A LQR controller was designed for a linearized model obtained by using FBL technique in [41] , which needs to compute the high order time derivatives of velocity and altitude. While the nonlinear controller designed here is on the basis of the nonlinear COM than a linearized model.
The control objective is to design control inputs (φ and δ e ) to achieve the stable tracking of velocity and altitude. At the same time, the prescribed performance on tracking error, actuator fault, and aerodynamic uncertainty are handled effectively.
In what follows, the detail for controller design is given.
III. PRESCRIBED PERFORMANCE CONTROL DESIGN
In this section, the available inputs are separately designed for velocity subsystem (15) and altitude subsystem (16)- (18) which are obtained from the COM. The brief for controller design is shown as follows. By integrating dynamic inversion control into adaptive control, the controller for velocity subsystem is designed, while as, the controller for altitude subsystem is developed by adaptive back-stepping control method. And it includes four steps. At the first three steps, the virtual control inputs (γ , α, q are regarded as virtual control inputs) are developed, which are denoted as u h , u γ , u α . In the last step, the actual control input δ e is designed.
A. VELOCITY SUBSYSTEM CONTROL DESIGN
In this subsection, a robust adaptive control scheme is developed for the velocity subsystem to ensure that the velocity tracking error z v = V − V d is remained within a specified prescribed performance at all times irrespective of the presence of uncertainty and actuator fault.
Inspired by the results developed in [9] - [11] , the characterization of prescribed performance is required. Then in this situation, a decreasing smooth function p v (t) : R+ → R + \{0} with lim t→∞ p v (t) = p v∞ > 0 is chosen as a performance function for velocity tracking variable [9] .
Take
as an example, for the prescribed scalars 0 < e v , e v ≤ 1, the goal of ensuring transient performance can be achieved if the following condition is always satisfied
where −e v p v (0) and e v p v (0) are the lower bound of the undershoot (i.e. the negative overshoot) and upper bound of the maximum overshoot of z v , respectively. The decreasing rate of p v (0) introduces a lower bound on the convergence speed of z v (t).
If an actuator fault occurs when p v (t) approaches p v∞
will be satisfied, where ε v > 0 is sufficiently small. This implies that there will be no occurrence of unacceptable large overshooting due to such an actuator failure.
No trajectory initialization action is required, hence the transient performance of the system can be guaranteed without a priori knowledge of the failure time, type and value. In fact, by changing the design parameters of function p v (t) and the positive scalars e v , e v , the transient performance in terms of the convergence rate and maximum overshoot of tracking error z v (t) can be improved.
Solving the control problem satisfying the 'constrained' error condition (19) can be transformed to solving a problem with boundedness of signals as the only requirements. Besides, to achieve asymptotic stabilization of the transformed system to be constructed is essential. To do these, a smooth and strictly increasing function v (e v ) is designed with the following properties
lim
From properties (a) and (b), performance condition (19) can be expressed as
Because of the strict monotonicity of v (e v ) and the fact that p v (t) = 0, the inverse function
exists. Here, we call e v (t) as a transformed error.
, and e v (t) is ensured bounded for t ≥ 0 by the designed controller, we will obtain −e v < 
. It is easy to get that v (e v ) behaves the properties (a)-(c).
From (21) and (23), the transformed error e v (t) can be obtained as follows
− ln (e v e v +µ v e v ) ) (24) where
. And the time derivative of e v iṡ
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The time derivative of velocity tracking error z v iṡ
, which is uncertain and estimated by the adaptive law.
Owing to the property (a) and (25) , ξ v is well defined and ξ v = 0. Substituting (26) into (25), it becomeṡ
From (27) , the controller for the velocity subsystem is designed as
whereλ
and
Taking the velocity tracking error and estimation error into consideration, the Lyapunov function is constructed as
The time derivative of (32) yieldṡ
Based on Assumption 1, and substituting (28), (29) into above equation, then it satisfieṡ
Note that
Thuṡ
Submitting (30) into it, theṅ
As long as
Then (37) yieldṡ In what follows, the controller is designed for (2), (16)- (18) via synthesizing back-stepping control method and adaptive control technique. In the framework of back-stepping control approach, the design procedure consists of four steps. In the first three steps, the virtual control inputs (here, states FPA, AOA and pitch rate are regarded as virtual control inputs) are developed. The actual control input δ e is developed in the last step.
Step1: The virtual control input u h design. From (2), the dynamic of altitude tracking error isż h = V sin γ −ḣ d . Because the value of FPA is very small, the approximation sin γ ≈ γ holds,
Inspired by the results developed in [9] - [11] , the characterization of a prescribed performance is required. Then it is necessary to choose a decreasing smooth function p h (t) : R+ → R + \{0} with lim t→∞ p h (t) = p h∞ > 0 as a performance function for altitude tracking variable [9] .
For example, if p h (t) = (p h0 − p h∞ )e (−a h t)
+ p h∞ , (p h0 > p h∞ , a h > 0) is chosen as the performance function, then for the prescribed scalars 0 ≤ e h , e h ≤ 1, the goal of guaranteeing transient performance can be achieved if the following condition is always satisfied
where −e h p h (0) and e h p h (0) are the lower bound of the undershoot (i.e. the negative overshoot) and upper bound of the maximum overshoot of z h (t), respectively. The decreasing rate of p h (0) introduces a lower bound on the convergence speed of z h (t). If an actuator fault occurs when p h (t) approaches p h∞ closely enough, −e h (p h∞ + ε h ) < z h (t) < e h (p h∞ + ε h ) will be satisfied, where ε h > 0 is sufficiently small. This implies that there will be no occurrence of unacceptable large overshooting due to such an actuator failure.
No trajectory initialization action is required, hence the transient performance of the system can be guaranteed without a priori knowledge of the failure time, type and value. In fact, by changing the design parameters of function p h (t) and the positive scalars e h , e h , the transient performance in terms of the convergence rate and maximum overshoot of tracking error z h (t) can be improved.
Solving the control problem satisfying the 'constrained' error condition (40) can be transformed to solving a problem with boundedness of signals as the only requirements. Moreover, to achieve asymptotic stabilization of the transformed system to be constructed is essential. To do these, we design a smooth and strictly increasing function h (e h ) with the following properties
From properties (a) and (b), performance condition (40) can be expressed as
Because of the strict monotonicity of h (e h ) and the fact that p h (t) = 0, the inverse function
exists. (44) where
. It is easy to obtain that h (e h ) behaves the properties (a)-(c).
From (43), the transformed error e h (t) can be written as where
The time derivative of (45) iṡ
The virtual control input u h is designed as
where k h > 0 is the parameter to be designed.
Substituting (47) into (46), it yieldṡ
In the second step, the virtual control input u γ is designed, where the time derivative of u h is utilized. But from(16), the time derivative of u h is difficult to be computed since there is aerodynamic uncertainty. So the following first-order robust filter is designed to estimate iṫ
where τ γ is the filter time constant, while ς γ and l γ are positive constants. And the filter error is defined as
Remark 2: In this paper, the time derivative of virtual control input is approximated by a robust first-order filter (49). The filter applied in [42] and [43] , is a second-order filter, which is composed of two first-order filters includes saturation compensator, the structure is more complex than that of filter (49) designed in this paper, and the filter error is ensured to converge to an ASNZ.
Step2:Define the error signal of FPA as s γ = γ − u h1 , the time derivative of s γ along (16) iṡ
The virtual control input is designed as
where k γ > 0 is the parameter to be designed. And the adaptive law forλ γ iṡ
where k γ , b γ , ε γ > 0, a γ > 1. New variable u γ 1 is obtained by letting u γ pass through the following first-order filteṙ
where τ α is the filter time constant, while ς α and l α are positive constants. The filter error is defined as
Step3:Define the error signal of AOA as
the time derivative of s γ along (17) iṡ
Note that f γ = −f α , f α = − f γ , so we can obtain the estimation of f α . The virtual control input is design as
and the adaptive law forλ α iṡ
New variable u α1 is obtained by letting u α pass through the following first-order filteṙ
where τ q is the filter time constant, while ς q and l q are positive constants. The filter error is defined as
Step 4: Define the error signal of pitch rate as s q = q−u α1 , the time derivative of s q along (18) iṡ
The elevator deflection is designed as Remark 3: The difference of this paper compared with [4] , [5] , and [44] can be concluded as follows. At first, the prescribed performance controller is designed to ensure not only the steady-state performance but also the transient performance, while in [4] , [5] , and [44] , the transient performance is not considered, and the good transient performance only can be assured through manually tuning controller parameters. Secondly, lumped uncertainty is handled by the DOB technique in [4] and [5] , while the upper bound of lumped uncertainty is estimated via adaptive law in this paper. Both the structures of DOB and adaptive law are simpler than that of NN used in [44] , and the parameters in DOB and adaptive law are determined more simply than that of NN. Moreover, the adaptive law structure is simpler than those of DOB and NN, and thus the proposed control scheme in this paper is succincter than that of [4] , [5] , and [44] .
Remark 4: Compared with [14] - [19] that focus on the tracking control problem of AHV, the difference of this paper is shown as follows. (a) The actuator fault and the uncertainties which include aerodynamic uncertainty and the uncertainty of the interconnect gain between elevator deflection and canard deflection which are considered in this paper, are not taken into account in [14] - [19] . The uncertainty in [14] - [17] is handled by the NN, whereas in this paper the uncertainty is tackled by adaptive technique. (b) The controller in [18] is designed based on the parameterization model which is not needed in this paper, where the controller is developed for the nonlinear uncertain controloriented model. In comparison with the control scheme given in [19] , when the controller is designed for altitude subsystem, the novel first-order filter is proposed to solve the 'explosion of terms' problem, and the filter error is ensured to converges to an ASNZ. VOLUME 7, 2019 C. STABILITY ANALYSIS In this subsection, the stability of the closed-loop system is analyzed. Before doing the stability analysis, the following lemma about the constrained error conditions is presented.
Lemma:If the transformed errors e v , e h are bounded, that is to say, there exist constants e vM , e hM > 0 such that |e v | ≤ e vM , |e h | ≤ e hM , then the following inequalities −e v p v (t) < z v < e v p v (t), −e h p h (t) < z h < e h p h (t) hold.
Proof: For the transformed error e v , from(24), we can get its inverse transformation as
Since the following inequalities hold
Then the inequality −e v p v (t) < z v < e v p v (t) holds. By the same token, we obtain −e h p h (t) < z h < e h p h (t). The stability of the closed-loop system can be concluded as the following theorem.
Theorem: Considering the COM satisfies Assumption 1, under the designed control inputs (28), (63), adaptive laws (29) , (30) , (53), (59), (64), (65), and filters (49), (54), (58), (60), the transformed errors e v , e h are ensured to converge to ASNZ. Besides, the transient performance of z v , z h is contained within a prescribed performance bound, i.e.
Other error signals are semi-globally uniformly ultimate bounded (SUUB).
Proof: Choose the following Lyapunov function
Using the derivative of (66) with respect to time, theṅ
Based on(48),Ẏ h satisfieṡ
Based on (51)- (53), (55)- (56),Ẏ γ yieldṡ
From (57)- (59), (61),Ẏ α yields the following inequalitẏ
On the basis of (62) 
From (49), (50), e f γėf γ yields 
Based on (39), (68)- (72), (74) and (75), (67) yieldṡ
, and it is apparent that Y (t) is bounded 
Above inequalities denote that |e v | , |e h | ≤ κ, κ = √ 2ζ 1 . Invoking by Lemma, there are e vM , e hM = κ such that
, −e h p h (t) < z h < e h p h (t). Thus the satisfactory prescribed performance on z v , z h is ensured by choosing appropriate parameters.
Remark 5: In the designed filter (49), if the power of e f γ is 1/2 instead of 1, we can get that the filter error e f γ converges to an ASNZ in finite time, and the neighborhood is
] with ξ γ > 1. In this case, the candidate value range of ξ γ is larger than that of case that the power of e f γ is 1.
IV. SIMULATIONS AND COMPARISONS
In this section, compared simulations are carried out to verify the effectiveness of the designed control strategy given in the previous section.
During the simulation, the CFM (1)-(6) are used, and the fuel level is assumed to be 50%. The initial flight condition of the aircraft is given in Table 1 . To show the robustness of the controller, 20% uncertainty of the nominal aerodynamic parameter value is taken into consideration.
Aircraft performs a climbing maneuver, where altitude and velocity reference commands are chosen as 2000ft and 100ft/s, respectively. Besides, all reference commands are smoothened by using a second-order filter with a natural frequency ω f = 0.03rad/s and a damping ratio ξ f = 0.95.
For the better demonstration of the performance of the designed control strategy in coping with prescribed performance, actuator fault and uncertainty, the following three cases are done in the simulation procedure.
Case 1: Aerodynamic uncertainty and prescribed performance are taken into account. This case is mainly to test the capability of the designed controller in counteracting aerodynamic uncertainty and prescribed performance.
Case 2: Aerodynamic uncertainty and actuator fault are considered. This case is utilized to verify the capability of the designed controller in handling aerodynamic uncertainty and actuator fault.
Case 3: Prescribed performance, actuator fault and aerodynamic uncertainty are all taken into consideration. This case is used to evaluate the capability of the designed controller in dealing with prescribed performance, actuator fault and aerodynamic uncertainty.
At the level of simulation, controller parameters are chosen same in above three cases, and they are provided in Table 2 . Simulation results are shown in Figures 1-12 , where In detail, the tracking performance of velocity and altitude in three cases are demonstrated by Figure 1, Figure 4 , Figure 7 and Figure 10 , which indicate that the proposed control scheme successfully achieves the stable tracking of velocity and altitude, despite the presence of prescribed performance, actuator fault and aerodynamic uncertainty. To proceed, simulation result of tracking error in three cases are given in Figure 2 , Figure 5 , Figure 8 and Figure 11 . More specifically, in case 1 and case 3, where prescribed performance of tracking error is considered, it is obvious from Figure 2 , Figure 8 and Figure 11 that all tracking errors are remained within the prescribed performance bound. Indeed, as depicted by Figure 8 and Figure 11 , even if actuator fault occurs, the prescribed performance of tracking error is still guaranteed since the prescribed performance is taken into account at the level of control design. Thereby, the boundedness of e v , e h ensures the performance constraint of z v , z h . Moreover, by comparing Figure 2 , Figure 8 and Figure 11 with Figure 5 (case 3), it can be obtained that the desired prescribed performance is ensured for velocity and altitude tracking errors, and the designed control scheme can achieve better transient and steady-state performance.
Simulation result of case 2 and case 3 are provided in Figures 4-12 . It is obvious from Figure 5 , Figure 8 and Figure 11 that owing to actuator fault, the velocity and altitude tracking errors are changing rapidly, affecting thus severely the control inputs as demonstrated in Figure 6 , Figure 9 , Figure 12 . Nevertheless, such sudden actuator fault is fairly compensated by the proposed control scheme and the satisfactory tracking performance is ensured as depicted in Figure 4 , Figure 7 , and Figure 10 . The proposed controller also guarantees the tracking errors within the prescribed performance bounds and the desired transient and steady-state prescribed performance specifications are satisfied despite the presence of actuator fault and aerodynamic uncertainty in case 3 as can be seen from Figure 8 and Figure 11 . While the performance in case 2 where prescribed performance is not considered, is hard to be maintained as can be observed from Figure 5 . For example, after the time instant of t = 50s, unexpected tracking errors occur in case 2 due to actuator fault. As is visible from Figure 3 that the smooth control inputs achieve the stable tracking of velocity and altitude in the presence of aerodynamic uncertainty and prescribed performance. It is illustrated in Figure 6 , Figure 9 and Figure 12 that the actuators governed by the proposed control scheme can satisfactorily deal with both the constant and time-varying faults.
The compared performance among three cases is given in Table 3 . (TF: time-varying fault, CF: constant fault)
The following conclusion can be obtained from above table. (a) The settling time of velocity and altitude in case 2 and case 3 is longer than that of case 1, which may be caused by the consideration of actuator fault. (b) The maximum absolute value of velocity tracking error in case 2 and case 3 is larger than that of case 1.
The above simulation results demonstrate that the proposed control strategy is feasible, and it is an effective approach achieving satisfactory tracking performance. 
V. CONCLUSION
This paper focuses on the control design problem of FAHV by combining adaptive control with back-stepping design procedure. For the reduction of the complexity of controller design, the nonlinear COM model is decomposed into two subsystems, where the prescribed performance on tracking error, actuator fault and aerodynamic uncertainty, are considered. Then the respective control inputs are designed for every subsystem. Moreover, the prescribed performance on tracking error is solved through transforming a constrained problem into an unconstrained problem. Besides, adaptive technique is applied to cope with lumped uncertainty and actuator fault, where the upper bound of uncertainty is not to be known in advance. In order to solve the 'explosion of terms' problem inherent in back-stepping control, a novel first-order filter is designed. The tracking errors are proved to converge to ASNZ with prescribed performance bound. Simulation results demonstrate that the developed control scheme is able to achieve stable tracking and effectively tackling prescribed performance, actuator fault and aerodynamic uncertainty.
APPENDIX
The expressions C d , C M , C T ,φ , C T , C N i are given as follows The functions of equations (15)- (18) 
